Finucane KE, Singh B. Human diaphragm efficiency estimated as power output relative to activation increases with hypercapnic hyperpnea. J Appl Physiol 107: 1397-1405, 2009. First published August 27, 2009 doi:10.1152/japplphysiol.91465.2008.-Hyperpnea with exercise or hypercapnia causes phasic contraction of abdominal muscles, potentially lengthening the diaphragm at end expiration and unloading it during inspiration. Muscle efficiency in vitro varies with load, fiber length, and precontraction stretch. To examine whether these properties of muscle contractility determine diaphragm efficiency (Effdi) in vivo, we measured Effdi in six healthy adults breathing air and during progressive hypercapnia at three levels of end-tidal PCO 2 with mean values of 48 (SD 2), 55 (SD 2), and 61 (SD 1) Torr. Effdi was estimated as the ratio of diaphragm power (Ẇ di) [the product of mean inspiratory transdiaphragmatic pressure, diaphragm volume change (⌬Vdi) measured fluoroscopically, and 1/inspiratory duration (TI Ϫ1 )] to activation [root mean square values of inspiratory diaphragm electromyogram (RMSdi) measured from esophageal electrodes]. At maximum hypercapnea relative to breathing air, 1) gastric pressure and diaphragm length at end expiration (Pg ee and Ldiee, respectively) increased 1.4 (SD 0.2) and 1.13 (SD 0.08) times, (P Ͻ 0.01 for both); 2) inspiratory change (⌬) in Pg decreased from 4.5 (SD 2.2) to Ϫ7.7 (SD 3.8) cmH 2O (P Ͻ 0.001); 3) ⌬Vdi ⅐ TI Ϫ1 , Ẇ di, RMSdi, and Effdi increased 2.7 (SD 0.6), 4.9 (SD 1.8), 2.6 (SD 0.9), and 1.8 (SD 0.3) times, respectively (P Ͻ 0.01 for all); and 4) net and inspiratory Ẇ di were not different (P ϭ 0.4). Effdi was predicted from Ldiee (P Ͻ 0.001), Pgee (P Ͻ 0.001), ⌬Pg ⅐ TI
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(P ϭ 0.03), and ⌬Pg (P ϭ 0.04) (r 2 ϭ 0.52) (multivariate regression analysis). We conclude that, with hypercapnic hyperpnea, 1) ϳ47% of the maximum increase of Ẇ di was attributable to increased Effdi; 2) Effdi increased due to preinspiratory lengthening and inspiratory unloading of the diaphragm, consistent with muscle behavior in vitro; 3) passive recoil of the diaphragm did not contribute to inspiratory Ẇ di or Eff di; and 4) phasic abdominal muscle activity with hyperpnea reduces diaphragm energy consumption. diaphragm flow, pressure and electrical activity; ventilatory loads THE CONTRACTILITY OF ISOLATED muscle fibers, including the diaphragm, is characterized by the relationships between fiber length, velocity of shortening, force development, and time (2, 10) . The mechanical efficiency of muscle further defines contractile function because it determines power output (force ϫ velocity) relative to energy expenditure (46) . The efficiency of shortening contractions of isolated muscle increases 1) with muscle length up to ϳ100% of the length for maximum force production (2, 24, 29, 48) ; 2) with decreased muscle load (3, 20, 21, 23, 28, 46) ; and 3) when shortening is preceded by stretch (14, 22, 49) .
In humans, increased ventilation with progressive exercise or hypercapnia is associated with phasic activity of abdominal muscles, which contract during expiration and relax progressively during inspiration (1, 19, 31, 36) . This pattern of breathing unloads the diaphragm during inspiration and, as ventilation and phasic abdominal muscle activity increase, the velocity of shortening of the diaphragm increases, while the increase of transdiaphragmatic pressure (⌬Pdi) with inspiration changes little (1, 36) . Considering the dependence of muscle efficiency on load, this pattern of breathing could increase diaphragm efficiency (Eff di ). Furthermore, contraction of abdominal muscles during expiration increases end-expiratory Pdi (Pdi ee ) and may increase diaphragm length (L di ) at end expiration (L di ee ), with an increase in the length of muscle fibers and stretch of elastic elements of the diaphragm. These consequences of phasic contraction of abdominal muscles may act also to increase Eff di (22, 24) .
The mechanical efficiency of the diaphragm cannot be measured in intact humans; however, it has been estimated by relating inspiratory diaphragm power output (Ẇ di) to the amount of electrical activity of the crural diaphragm using the expression:
where Eff di is the inspiratory Eff di , ⌬Pdi mean is the mean ⌬Pdi during inspiration, ⌬Vdi is the contribution of the diaphragm to inspiratory volume change, TI is inspiratory duration, and RMS di is the root mean square of the crural diaphragm electromyogram (EMG) (18) . This expression assumes that RMS di is linearly related to the O 2 consumption (V O 2 ) of the diaphragm (V O 2di ) (see DISCUSSION) . The overall efficiency of human respiratory muscles is usually measured by relating power output to respiratory muscle V O 2 (9, 11, 32, 33) . Respiratory efficiency decreases with increasing lung volume (11, 32) and increasing respiratory resistance (12, 32, 33) , possibly reflecting the effects of initial length (18, 29) and of load (46) on muscle efficiency. However, activity of synergistic muscles with loaded breathing increases the oxygen cost of breathing without increasing respiratory power output (8) , and estimates of respiratory efficiency usually measure the work performed on the lung and underestimate respiratory power, because they do not include work performed on the chest wall (37) . Additionally, the efficiency of respiratory muscle groups may change differently with load. For example, in dogs with resistive loading, respiratory efficiency decreases, whereas Eff di remains constant (35) . Thus measurements of respiratory efficiency may be insensitive to the contractile processes that determine the efficiency of individual respiratory muscles, such as the diaphragm, the principal muscle of inspiration. Measurements of the efficiency of individual muscle groups, under conditions of measurement that systematically change muscle load and length, and where these variables can be measured, may better reflect the processes that determine the contractile function of respiratory muscles in health and disease.
The aim of this study was to define the effect on Eff di of hyperpnea associated with progressive hypercapnia and to determine whether any changes were attributable to inspiratory unloading of the diaphragm and or to changes in L di ee . We postulated that Eff di would increase with hypercapnic hyperpnea due to phasic activity of abdominal muscles acting to unload the diaphragm during inspiration and to increase L di ee . To examine these hypotheses, we measured Eff di during tidal breathing room air and at intervals during progressive hyperoxic hypercapnia.
METHODS
The Ethics Committee of the Sir Charles Gairdner Hospital approved the study. The subjects were six healthy, nonsmoking men.
Measurements. The methods of measurement have been described previously (18, (43) (44) (45) ; details unique to the present study are described. Esophageal (Pes) and gastric pressures (Pg) and the electrical activity of the crural diaphragm were measured with a single, purpose-built nylon catheter (Gaeltec), 2.95 mm diameter, with two pressure transducers, one at the catheter tip, and the other 20 cm from the tip, and 10 stainless steel electrodes with the most distal electrode 5.5 cm from the catheter tip. The electrodes were wired as eight overlapping bipolar pairs. RMS di was measured using the methods of Beck et al. (4 -6) and Sinderby et al. (39 -42) . The catheter was positioned in the esophagus so that the electrically active center of the diaphragm (41) was located between the second and seventh pair of electrodes at all lung volumes between residual volume (RV) and total lung capacity (TLC). Flow and the partial pressure of carbon dioxide (PCO 2) at the mouth (18, 45) and the oxygen concentration (O2%) of inspired gas (Beckman OMI1, Illinois) were measured continuously. Lateral fluoroscopic images of the diaphragm and adjacent chest wall were recorded digitally (Toshiba, CAS800DSA) using the fluoroscopy mode of the unit at a frame rate of 7.5 per second. Data collection by the fluoroscopy unit terminated after each 90 s; continuing collection required manual initiation with resultant loss of images for periods of ϳ1 s. (see RESULTS). Magnification and distortion of images of the right hemidiaphragm in each subject were defined using images of a radiopaque grid of precise squares fluoroscoped at a distance from the image intensifier (II) equal to the measured distance between the II and the right midclavicular plane. A Geiger-Muller (GM) radiation counter within the radiation field was used to define onset and offset of fluoroscopy. Pressures, flow, volume change, PCO 2, O2%, and the GM signal, and diaphragm EMG signals, flow, and the GM signal, were recorded on separate computers, as described previously (18) . Data files of fluoroscopic images, identified with the condition of measurement, were transferred from the collection system to a desktop computer (Merge Technologies, version 2.0.1) for analysis.
Protocol. Measurements with fluoroscopy were performed when breathing room air and at three target levels of hypercapnia, namely, 45, 55, and 60 mmHg. Subjects stood erect with arms elevated and hands resting on the head with the left chest wall touching the II positioned so that the image of the diaphragm and adjacent chest wall was within the fluoroscopic field at all lung volumes. Subjects breathed through a pneumotachograph and low-resistance two-way valve open to either atmosphere or a plastic bag containing ϳ8 liters of 6% CO 2 and 94% O2. Measurements when breathing air were made during six tidal breaths, followed by an inspiration from end-expiratory lung volume (EELV) to TLC, an expiration to RV and an inspiration to TLC, and, separately, during maximum inspiratory efforts against an occluded mouthpiece at EELV. These measurements were repeated up to three times after brief rests. Progressive hypercapnia was achieved by rebreathing the hyperoxic hypercapnic gas mixture. At each target level of end-tidal PCO 2 (PETCO2), measurements with fluoroscopy were made during six tidal breaths, followed by an inspiration to TLC, followed by resumption of tidal breathing.
Data analysis. Data from each computer system were collated using time of day, the signal from the radiation counter, and the final inspiration to TLC in each condition of measurement. For each breath flow, TI and Pes, Pg, Pdi, and PCO2 at end expiration and end inspiration were measured. ⌬Pdimean was computed as inspiratory ⌬Pdimean corrected, in each subject, for the average Pdi at end expiration breathing air, which was taken as baseline. The endexpiratory values of Pg (Pg ee) and Pdi (Pdiee) were measured as the maximum values within 200 ms of end expiration. EMG segments of 100-to 200-ms duration near the onset, middle, and end of each inspiration were analyzed using the methods of Sinderby et al. (39 -42) . Choice of segments was guided by the displayed flow signal and the presence of artifact, particularly ECG noise. Segments were excluded from analysis when the criteria of Sinderby et al. (40) for an acceptable signal were not met. The average RMS di of each inspiration was taken as the average of the values able to be analyzed. The maximum value of RMS di (RMSdi max) was taken as the highest value obtained during any inspiration to TLC. The images of the right hemidiaphragm at end inspiration and end expiration of each breath during fluoroscopy were corrected for distortion and magnification, and L di ee, Ldi at end inspiration (Ldi ei), and ⌬Vdi were computed using the methods and equations previously described (18, 38, 43, 44) . The lengths of the diaphragm apposed to the anterior and posterior chest wall at end expiration (L app ee) were measured manually from images corrected for distortion and magnification obtained when breathing air (7 breaths per subject) and at maximum hypercapnia (average of 6 breaths per subject). The shape of the dome of the diaphragm (K do) was measured from these images as the ratio of the length of the lung-apposed diaphragm to the distance between the anterior and posterior costophrenic angles.
Statistical analysis. In each subject, the measured and computed variables from each breath were normalized by dividing by the mean value of that variable obtained breathing room air. RMS di was also normalized by expressing it as a fraction of RMSdi max. The differences between the mean values in the six subjects of the same variable under different conditions of measurement were examined using one-way ANOVA or, where the data were not distributed normally, by ANOVA on ranks. Regression analysis was used to examine the relationships between variables, in particular, the relationship between the normalized dependent variable Eff di and the normalized independent variables Ldi ee, Pgee, ⌬Pg, and ⌬Pg ⅐ TI Ϫ1 . These variables were chosen to define the initial Ldi, and the potential for, and the magnitude and rate of unloading of the diaphragm during inspiration. Variables not distributed normally were natural log-transformed before analysis. Results were analyzed using SigmaStat statistical software (version 3, SPSS, Chicago, IL) and are reported as means and SDs, unless otherwise stated. Significance was defined as P Ͻ 0.05.
RESULTS
Mean (SD) age, height, body mass index, vital capacity (VC) and inspiratory capacity (IC) of subjects when breathing air were 68 (SD 7) yr, 178 (SD 6) cm, 25.3 (SD 0.7) kg/m 2 , 105.2 (SD 15.4) %predicted, and 57 (SD 15) %VC, respectively. The cumulative dose of radiation in the six subjects ranged from 130 to 189 mSv. When breathing air, analyzable data were obtained from an average of 12 tidal breaths and 2 for each of IC, VC, and maximum static inspiratory efforts at EELV in the six subjects. During progressive hypercapnia, fluoroscopic data were obtained at average PETCO 2 levels of 48 DIAPHRAGM EFFICIENCY AND HYPERPNEA (SD 2) (HC1), 55 (SD 2) (HC2), and 61 (SD 1) Torr (HC3), with analyzable data from an average of 4.8 (SD 0.8), 5.5 (SD 0.5), and 5.7 (SD 1.0) tidal breaths and 1 IC per condition of measurement, respectively. Data from ϳ34 breaths with fluoroscopy were not analyzable, because images at end expiration or end inspiration were missing due to temporary cessation of data collection by the fluoroscopy unit (25 breaths) or because EMG noise (6 breaths) or Pes artifact (3 breaths) precluded analysis.
Pressures. During hypercapnia, relative to breathing air, Pg ee increased, Pg ei decreased, and, at HC3, Pg ei was less than Pg ee when breathing air (P ϭ 0.012). An individual example of the changes in pressure with hypercapnia is shown in Fig. 1 , and the mean results for the group are shown in Fig. 2A and Table 1 . ⌬Pg decreased progressively with hypercapnia (Fig.  2B , Table 1 ). Pdi ee changed little at HC1 and HC2 and increased by a factor of 1.2 (SD 0.2) (P ϭ 0.013) at HC3 relative to breathing air. ⌬Pdi mean during maximum static inspiratory efforts at EELV, measured from the onset of effort to maximum Pdi (Pdi max ), was 71.
Volumes, L di , and shape. Mean minute ventilation increased from 13.6 to 48.1 l/min; i.e., by a factor of 3.6 between breathing air and HC3. IC, tidal volume (VT), and ⌬Vdi increased progressively with hypercapnia; however, mean diaphragm IC did not increase (Fig. 3, Table 1 ). VT increased by encroaching on both the expiratory and inspiratory reserve volumes, whereas ⌬Vdi increased mainly at the expense of the inspiratory reserve Vdi (Fig. 3) . At HC3, the tidal volume displaced by the diaphragm was near maximal, approximating diaphragm IC (Fig. 3B) . L di at TLC and RV was 19.2 (SD 1.4) and 34.3 (SD 3.6) cm and, relative to L di ee , was 0.76 (SD 0.05) and 1.37 (SD 0.17), respectively (Fig. 4) . ⌬L di increased with hypercapnia (Table 1 and Fig. 4) , and, at HC2 and HC3, L di ei was not different from L di at TLC (Fig. 4) . L di ee and L app ee increased at HC3 by 3.1 (SD 1.7) cm (P ϭ 0.007) and 2.5 (SD 1.6) cm (P ϭ 0.02), respectively, relative to mean lengths for breathing air. The shape of the diaphragm did not change with hypercapnia; K do when breathing air and at HC3 was, respectively, 1.17 (SD 0.03) and 1.19 (SD 0.05) (P ϭ 0.51).
RMS di . ECG artifact and low-frequency noise, particularly at the onset of inspiration, precluded analysis of one segment of inspiratory EMG in ϳ30% of breaths. Normalized RMS di increased progressively with hypercapnia (Table 1, Fig. 5C ). The coefficient of variation of normalized RMS di was 27% breathing air, decreased to 14% at HC3, and was not decreased by normalizing each value using RMS di max , as previously reported (45) . In this latter study, measurements at each constant level of hypercapnea were made over the last 10 of 30 breaths, because the coefficient of variation fell to a constant 11% after breath 9.
Efficiency. Eff di and its components and their change with hypercapnia are shown in Fig. 5D and Table 1 . ⌬Pdi mean and ⌬Vdi⅐TI Ϫ1 increased progressively with hypercapnia, and, at HC3, normalized ⌬Vdi⅐TI Ϫ1 was greater than normalized ⌬Pdi mean (P ϭ 0.047) (Fig. 5A) . At HC3 relative to breathing air, normalized Ẇ di, RMS di , and Eff di increased by factors of 4.9 (SD 1.8), 2.6 (SD 0.9), and 1.83 (SD 0.26), respectively (Fig. 5, B, C, and D) . Normalized diaphragm flow (⌬Vdi⅐TI Ϫ1 ) and velocity of shortening (⌬L di ⅐TI Ϫ1 ) were highly correlated (r 2 ϭ 0.94) (Fig. 6A) . Normalized Eff di , calculated using diaphragm velocity of shortening rather than flow rate, was 1.87 (SD 0.4) at HC3.
Multivariate regression analysis showed that normalized Eff di could be predicted from the normalized independent variables L di ee (P Ͻ 0.001), Pg ee (P Ͻ 0.001), ⌬Pg⅐ TI Ϫ1 (P ϭ 0.03), and ⌬Pg (P ϭ 0.042) (r 2 ϭ 0.52). Normalized Eff di ⅐L di ee Ϫ1 was related to the same variables: r 2 was reduced (0.35), the level of significance of the independent variables L di ee and Pg ee was unchanged, and that of ⌬Pg⅐TI Ϫ1 and ⌬Pg was increased (P ϭ 0.008 and 0.01, respectively). Normalized Eff di and normalized velocity of shortening were linearly related (P ϭ 0.001) (Fig. 6B) .
DISCUSSION
The effect of increased ventilation on the efficiency of the human diaphragm has not been evaluated previously. This study showed that the efficiency of the diaphragm measured during inspiration as the ratio of power output to the amount of electrical activity of the diaphragm increased with ventilation during progressive hypercapnia. The results, consistent with our hypothesis, suggest that the increased efficiency was secondary to progressive phasic activity of abdominal muscles and the resultant increase of L di ee and unloading of the diaphragm during inspiration. At maximum hyperpnea, efficiency increased, despite near maximal shortening of the diaphragm during tidal breaths. Mean Ẇ di and RMS di increased 4.9 and 2.6 times, respectively, at maximum hyperpnea relative to breathing air; thus ϳ47% of the increased power output of the diaphragm was attributable to an increased efficiency.
Critique of methods and assumptions. The estimates of Eff di in this and a previous study assume that the RMS of the crural diaphragm is linearly related to the V O 2di (18) . This assumption was based on the following considerations. First, the V O 2 and the amount of electrical activity of muscles in intact humans and animals are strongly and linearly correlated during cycling up to 75% maximal work rate (human quadriceps) (7), during isometric contractions up to 70% maximum force (human biceps and brachioradialis muscles) (34) , and during hypercapnic hyperpnea up to a sixfold increase in V O 2di (dog diaphragm) (47) . Second, the diaphragm obtains its energy by oxidative metabolism over a wide range of work outputs (37) . Third, regional activation of respiratory muscles is proportional to regional mechanical advantage (30, 15) , and, in the dog diaphragm, regional mechanical advantage and blood flow are closely and linearly correlated from rest to heavy exercise, suggesting that costal and crural muscles are recruited as a single unit, independent of exercise (26), and regardless of the apparent inhomogeneity of diaphragm activation and shortening (13, 16, 50) . Furthermore, in humans, RMS di is linearly related to an index of global diaphragm activation, the ratio of Fig. 3 . Relationships between PETCO2 and tidal volumes of the lung (A) and diaphragm (B) breathing air and at intervals during progressive hypercapnia. End expiratory volume (EEV) breathing air was set to zero. EEV during hypercapnia was calculated as inspiratory capacity (IC) breathing air minus IC at each level of hypercapnia. End inspiratory volume (EIV) was calculated as EEV plus mean tidal volume. The dashed lines represent the volume change from EEV to total lung capacity (TLC) and from TLC to residual volume (RV) and define the mean value of VC of the lung (A) and diaphragm (B) breathing air. EEV, solid circles; EIV, solid inverted triangles. The mean values for the 6 subjects Ϯ SE are shown. *P Ͻ 0.05, hypercapnia relative to breathing air. Values are means (SD). HC1,2,3: levels of hypercapnia; PETCO 2 , end-tidal PCO2; Pgee and ⌬Pg, gastric pressure at end expiration and inspiratory change in Pg, respectively; ⌬Vdi, volume displaced by diaphragm; VT, tidal volume; Ldi ee, diaphragm length at end expiration; ⌬Ldi, inspiratory change of diaphragm length; ⌬Pdimean, mean change of transdiaphragmatic pressure with inspiration; TI, inspiratory duration; ⌬Vdi ⅐ TI Ϫ1 , mean inspiratory flow rate of diaphragm; RMSdi, root mean square of crural diaphragm electromyogram; RMSmax, highest value from any breath to total lung capacity; Effdi, efficiency of the diaphragm; au, arbitrary units. Significantly different from values breathing air: *P ϭ 0.05-0.01, †P ϭ 0.009-0.001; ‡P Ͻ 0.001 (one-way ANOVA).
⌬Pdi to ⌬Pdi max , up to ϳ75% Pdi max , independent of L di . At higher levels of activation, RMS di is predicted to increase less than activation and increases less than ⌬Pdi⅐⌬Pdi max Ϫ1 (4). Together, these data suggest that normalized RMS di is linearly correlated with, and defines, the change in V O 2di , independent of length, up to ϳ75% maximum activation. With respect to this conclusion, the highest values of RMS di occurred at end inspiration at maximum hypercapnia, where the mean value of the late inspiratory sample in the six subjects was 67 (SD 11)% maximum, i.e., within the probable linear range of RMS di in activation. However, in one subject, the RMS di of the late inspiratory sample was consistently Ͼ75% of RMS di max , with possible underestimation of activation per breath and overestimation of Eff di . This subject had the smallest fractional increase in Eff di with hyperpnea, and the bias toward overestimating the increase of Eff di in the group was small. ⌬Vdi measured fluoroscopically, using the methods developed by us (43, 44) , does not include the volume displaced by the costal diaphragm in elevating and expanding the lower rib cage. However, the close correlation between ⌬Vdi⅐TI Ϫ1 and the independently measured ⌬L di ⅐TI Ϫ1 (Fig. 6A) suggests that the method is an accurate measure of the rate of volume displaced by the diaphragm over a wide range of minute ventilations. ⌬L di ⅐ TI Ϫ1 is an indirect measure of the rate of diaphragm muscle shortening. In supine dogs, inspiratory length changes of the costal diaphragm measured fluoroscopically are highly and linearly correlated with changes in muscle length, but overestimate muscle shortening by ϳ3% (27) . Similar data are not available for the human diaphragm.
Our results may be misleading in terms of the effect of phasic abdominal muscle activity on the net efficiency of the diaphragm. Passive recoil of diaphragm elastic elements could have contributed to the observed increase in inspiratory power and efficiency, particularly at maximum hypercapnia, where both Pdi ee and L di ee increased. In vitro, the efficiency of shortening contractions following stretch is increased; however, the contribution of passive recoil is largely reversed by the negative work done in stretching muscle during the subsequent lengthening cycle, so that net power and efficiency do not increase (46, 49) . To assess whether passive recoil contributed substantially to inspiratory power and efficiency, we measured the mean expiratory (negative) power of the diaphragm in all subjects breathing air (7 breaths per subject) and at the highest level of hypercapnia (average of 6 breaths per subject). For each breath, expiratory ⌬Pdi mean and duration of expiration were measured; ⌬Vdi was assumed to be the same as that in the preceding inspiration. Net power was calculated as inspiratory plus expiratory power. Net Ẇ di at maximum hypercapnia relative to breathing air was 4.7 (SD 1.7) compared with inspiratory power output of 4.9 (SD 1.8) (P ϭ 0.4). This result indicates that passive recoil of the diaphragm did not contribute to the observed increase of inspiratory power output and Eff di during hypercapnic hyperpnea, up to a mean PETCO 2 of 61 Torr.
Diaphragm and abdominal muscle interaction. Phasic contraction of abdominal muscles is recognized as an important mechanism for optimizing the contribution of the diaphragm to the increased ventilatory demands of exercise and hypercapnia (1, 19, 31, 36) . Aliverti et al. (1) measured the power output of the diaphragm, rib cage, and abdominal muscles using an optical reflectance system to measure volume changes, and departures of dynamic from static volume-pressure relationships to measure pressures developed by respiratory muscles. They found that activation of abdominal and rib cage muscles was reciprocal and of similar magnitude and concluded that this muscle interaction unloads the diaphragm during inspiration and minimizes rib cage distortion and, thereby, work of breathing. During exercise relative to rest, the velocity of shortening of the diaphragm increased progressively, whereas ⌬Pdi per breath changed little; abdominal volume (Vab) at end expiration decreased progressively, whereas abdominal volume at end inspiration (Vab ei ) was constant, suggesting that L di ee increased with increasing exercise and that excessive inspiratory shortening of the diaphragm was avoided, thus optimizing diaphragm performance (1). Similar results were found during progressive hypercapnic hyperpnea using the same methodology (36) . Our direct measurements of L di and power with progressive hypercapnia confirm the conclusions pertinent to diaphragm unloading, power output, and L di ee . In addition, we show that the interaction between the diaphragm and abdominal muscles with hyperpnea is associated with an increase in Eff di . Contrary to previous conclusions, inspiratory shortening of the diaphragm at high levels of ventilation was near maximal. In addition, our data provide information on the likely mechanisms of the increase in Eff di .
Eff di . Multiple-regression analysis showed a strong association between the increase in Eff di with hyperpnea and the preinspiratory length of the diaphragm (L di ee ). This association suggests that the L di for optimal power was greater than that at end expiration breathing air, and/or that passive recoil of the diaphragm contributed to inspiratory power output. The former is consistent with the force-length-velocity properties of muscle (23) and with the increased efficiency of myocardial muscle as length increased from 90 to 100% of the length at maximum Fig. 4 . Relationships between PETCO2 and diaphragm length (Ldi) at end expiration (ee; solid circles) and end inspiration (ei; solid diamonds) normalized to the mean length at end expiration breathing air. The dashed lines represent the mean diaphragm lengths at RV (2 measurements per subject) and TLC (4 measurements per subject). The mean values for the 6 subjects Ϯ SE are shown. *P Ͻ 0.05 relative to breathing air; Ldi ei breathing air was Ͻ Ldi at TLC; #P ϭ 0.04. isometric force (24) . It is supported by the close correlations between normalized L di ee and diaphragm flow rate and power output (r 2 ϭ 0.74 and 0.64, respectively). The second possibility is consistent with in vitro studies showing increased shortening efficiency following precontraction muscle stretch (14, 22, 49) . However, in our study, the net and inspiratory Ẇ di were the same, suggesting a minimal contribution to inspiratory power output from passive recoil of stretched elastic elements. The finding that Eff di corrected for L di ee remained highly correlated with L di ee suggests that the association may reflect mechanisms additional to those determined by muscle force-length-velocity properties. Any role of changes in diaphragm geometery or mechanical advantage with hyperpnea is unclear. At maximal hyperpnea, diaphragm shape at end expiration, as reflected by K do , did not change, and there was no increase in the sagittal diameter of the lower rib cage at end expiration. Thus, despite the increases in L app ee and Pg ee at maximum hyperpnea, it is unlikely that ⌬Vdi increased for a given ⌬L di as L app ee increased.
The association between efficiency and Pg ee and the magnitude and rate of the decrease in Pg with inspiration suggest that progressive inspiratory unloading of the diaphragm contributed to the increase in Eff di with progressive hypercapnia. This result is consistent with the behavior of muscle in vitro, where efficiency increases when muscle is unloaded and, equivalently, the velocity of shortening increases (3, 20, 21, 23, 28, 46) . This phenomenon is not predicted by the original model of actin-myosin interaction of Huxley (25), where each cross-bridge cycle is assumed to equate to the hydrolysis of one ATP molecule, thus predicting a near constant efficiency with increasing power output. Recent models of cross-bridge cycling propose mechanisms whereby energy expenditure decreases at low loads and high velocities of shortening, with energy from the hydrolysis of one ATP molecule being expended over several mechanical cycles (see Ref. 46 for review). One model, which predicts the empirically determined transient length and force responses to unloading, proposes that, at low loads, the rate of cross-bridge turnover relative to ATP hydrolysis is linearly related to and determined solely by the velocity of shortening (28) . Such a mechanism could explain our finding that efficiency increased, despite near maximal shortening of the diaphragm during inspiration at higher levels of hypercapnia (Fig. 4) . Eff di decreases linearly with decreasing L di ee (18) and the efficiency of muscle fibers in vitro decreases with fiber length (29, 48) . These findings, together with the current results showing increased Eff di with hyperpnea, despite near-maximal shortening of the diaphragm during inspiration, suggest that, when the diaphragm is unloaded during shortening, the rate of shortening is more important than length in determining energy expenditure.
In vitro, the relationship between muscle efficiency and velocity of shortening is approximately parabolic, reaching a maximum at ϳ0.25 maximum velocity and ϳ0.4 maximum force (46) . Our data showed that normalized Eff di was linearly related to diaphragm velocity of shortening (Fig. 6B) , and the average ⌬Pdi mean at maximum hypercapnia was 0.16 . ⌬Pdi mean during maximum, static inspiratory efforts at EELV. These results imply that the observed maximum efficiency of the diaphragm was less than the maximum achievable. This possibility is supported by estimates of diaphragm velocity of shortening and of ⌬Pdi during increased ventilation with exercise (1) and hypercapnia (36) , where the highest velocities of shortening were up to six times those during quiet breathing, and ⌬Pdi, i.e., load, remained low.
A mechanism that may have contributed to the increase in Eff di is a relatively smaller contribution of recruitment of additional motor units than of firing frequency to the increase in RMS di with hyperpnea. Recruitment entails activation of, and ATP use by, ion pumps, which do no external work, thereby decreasing efficiency by 10 -15% (46) . Thus, with increasing hyperpnea, a greater contribution to RMS di of firing frequency relative to recruitment would tend to increase efficiency.
L di and velocity of shortening. With hyperpnea, there was modest lengthening of the diaphragm at end expiration and maximal shortening at end inspiration (Fig. 4) . Previous studies showing a constant Vab ei with increasing ventilation (1, 19, 36) do not preclude near-maximal inspiratory shortening of the diaphragm, because diaphragm shortening and relaxation of abdominal muscles are not the only factors determining Vab ei . Additionally, expansion and elevation of the abdominal rib cage would act to decrease Pg and Vab and was observed in all subjects during hypercapnic hyperpnea in our study. Furthermore, at the highest level of hypercapnia, Pg ei was less than Pg ee breathing air. To the extent that Pg ee breathing air reflected Pg in the absence of respiratory muscle activity, this finding suggests that, at high minute ventilations, activity of rib cage muscles with expansion and elevation of the abdominal rib cage contributed to decreasing Pg and unloading the diaphragm during inspiration.
The relative increase in diaphragm flow and velocity of shortening in our study was less than those estimated by others during progressive exercise (1) and hypercapnia (36) . In these latter studies, the velocities of shortening of the diaphragm at comparable VT values or degree of hypercapnia were ϳ4.5 and ϳ3.8 times that breathing air, respectively, whereas, in our study, normalized mean diaphragm flow was 2.7 (SD 0.6) at PETCO 2 of 61 Torr. The most likely explanation for these differences is methodological. The method used in this study may underestimate ⌬Vdi (43); however, the close association between ⌬Vdi⅐TI Ϫ1 and ⌬L di ⅐TI Ϫ1 (Fig. 6A) suggests that any underestimate was small. The previous studies used an optical reflectance system to measure the volume changes of the chest wall; ⌬Vdi⅐TI Ϫ1 was estimated from the volume changes of the abdomen and abdominal rib cage (1, 36) . This method assumes a constant anatomic boundary between the abdominal and pulmonary rib cages and may overestimate diaphragm flow, where the average area of chest wall subtended by the abdominal rib cage during inspiration decreases with hyperpnea. Our data showing near-maximal inspiratory shortening of the diaphragm with increasing hypercapnic hyperpnea suggest that the boundary between the pulmonary and abdominal rib cage over the time course of inspiration is more caudad at PETCO 2 of 61 Torr than breathing air.
Implications. The increase of Eff di with increased ventilation during hypercapnia has important implications. First, the results suggest that the contractile properties of muscle are central in determining the energy consumption of Ẇ di in the face of increased ventilatory demand. Any role of advantageous changes in the geometry of the diaphragm in increasing its efficiency with hyperpnea is unclear from this study. Second, Eff di increased with L di ee and with unloading of the diaphragm during inspiration; this was associated with a highflow, low-pressure power output by the diaphragm. The same pattern of breathing occurs with progressive exercise (1) . Therefore, it is likely that Eff di increases with exercise and in other circumstances, which induce phasic activity of abdominal muscles, such as loaded breathing (17) , provided that respiratory muscle interactions are effective in maintaining a low ⌬Pdi mean , i.e., Ͻ0.4 maximum. Third, the observed increase in Eff di accounted for ϳ47% of the near fivefold increase in the Ẇ di at maximum hyperpnea. Because the rate of energy utilization determines endurance and fatigue of respiratory muscles (32) and because energy utilization at a given power output is determined by efficiency, the increased Eff di with hyperpnea would act to increase the capacity for power output without fatigue and increase the endurance of the diaphragm. Fourth, increased Eff di with increased hyperpnea associated with exercise or hypercapnia may be one of the mechanisms minimizing respiratory discomfort with increasing ventilation, in that increases in power do not require proportional increases in neural drive. Finally, muscle efficiency in vitro and Eff di in this and a previous study (18) are functions of initial muscle length and load. Hence Eff di has no single value; however, the change of efficiency with hypercapnic hyperpnea is predictable and provides a basis for comparing the efficiency of Ẇ di in health and disease.
